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SCIRCTIVE S0nvrIioh OF LACTARIA FROM GiEZVATER
by
K. C. Marehell,#* Ruby Stouc and B, ifitchell
Laborzatory of Apnlied Mlcrobiolo;y
Division of Funziavering «nd applied Paysics

Harvard Unives oity
Cambridpe, kass. 02138, U.S5.A.

Summary

A distinct scouence of sorption of different bacterial types has been
obecrved both on yiass slides and electrnn microscope grids immersed in
seawater for periods of up to 24 hours, A cowrparicon of the bacterial
froups initially cttracted to a surface with those subsequently adhering
firmly to the surface sugpests a selective irreversible sorption of certain
ércups of mﬁriue baétcria. Firm adhesion of bacteria in the short time
periods considered does not involve pili or holdfast structurecs, The
2bility to produvcce extracellular polymeric fibrils may be important in

such selective sorption.

Introduction

The formation of primary microbial films on surfaces immersed in sea-

water is believed by many investigatcrs to he a prerequisite to fouling by

* Permanent address: Department of Agricultural Science, University of
Tasmunia, Hobari, Tasmania, Australla.
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barcacles and other invertebrate larvae (see Wood, 1967; Corpe, 1970a),
Such films have been variously descrilied as being predominantly bacteriai,
alypal or diatem films, but these obscr@ations have been made on surfaces
fmmersed in secawater for several days or even much longer periods.

It {8 important to obtain Information on the organisms responsible for
the primary colonization of surfaces, since these primary colonizers probably
modify the surface properties of the material immerscd In the scawater. Any
modelchion to the surface may render it more amenable to colonization by
other groups of Qicroorganisms. Implicit in this proposal is that certain
bacteria are selectively scrbed, and that by modification of the sorption
surface a distinct succession of types sorbing might be expected. Zvyagintsev
(1959) has noted the selective sorption to glass surfaces of soil bacteria.

The aim of the present investigation was to determine if selective
sorption of bacteria occurs at short times of immersion of surfaces in
seawater, and whether specialized attachwent appendapes were advantageous

to bacterla initially adhering to a surface.

Methods

Sorption to glass surfaces: Slides were immersed in seawater samples under

laboratory conditions at 250, the water being stirred slowly with a mag-
netic stirrer. At regular intervals, duplicate slides were removed from

the water, washed several times with 2.5%0 NaCl, and examined under a phase-
contrast microscope, Where detailed counts were made "he bacteria were
divided into 5 categories: A, small rods (less than 0.8: long); B, large
rods (greater than 0.84 long); C, cocco-bacilli; D, curved rods (vibrio

and spiral forms); E, stalked bacteria (caulobacters and hyphomicrobia).
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At leag!. 10 random fields wcre counted on each of the duplicate slides at

cach canpling period. :

AL

Studies on the sorption of pure culturers to surfaces (Mirshall, Stout
and Ijtchell, 1970) have indicated two distinct phases in the sorption
process which woy be described as the reversible and irreversible phases.
A ¢towparison has been made of the population of cells initially attracted
to a glass surface (reversibly) with that finally adhering firmly to the
gurface {Irreversibly). Reversible sorption was exemined by running small
samples of seawater under glass coverslips supported on slides by bLroken
pieces of céverslips. The samples were allowed to stand for 15 to 30 min.

prior to microscopic examination. This allowed those cells not attracted

to the coverslip surface to fall away from the field of view by gravitational

force.
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Counts were made of the 5 catcgories of bacteria detailed above.
Irreversible sorption was determined on slides imrersed in the seawater
ganples for 24 hrs., prior to rinsing with 2.5°/o NaCl. The se¢awvater

samples were collected at different times and stored under a variety of

conditions.

Sorption to electron microscope grids:

Nickel grids with collodion-carbon

films were immersed directly in the sea at Winthrop, Massachusetts or in

freshly collected scawater samples in the laboratory. In gome instances,

grids were ingerted f{n lucite boxes designed to prevent bacteria at the air-

water interface from sorbing to the grids. 7This precaution was not necessary,

since such bacteria did not firmly sorb to surfaces and were washed off in

:
t

subsequent treatments. At each sampling time, duplicate grids were removed,

; fixed in 2.5°/o formaldehyde in 2.5°/0 NaCl for 30 min. (Hodgkiss and Shewan,

1968), dried, rinsed with distilled water to remove soluble salts, and dried
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prior to nepative staining with phosphotungstate (Bradley, 1962) or shadowing

with gold-pallsdium (60770 gold:40°/o palladium).

Results

Electron microscope cbservations

Bacterfa were found on grids after one hr. imnersion in seawater, and
numbers on the grids increased with increasing irmersion time. Repgardless
of whethcr the grids were immersed in the sea or in seawater under laboratory
conditions, the predominant cells were conventional rod-shaped bacteria.

Nost cells had rough surface features (Pl. 1, figs. 1 and 2) and often
postessed distinct electron-dense polar bodies (Pl. 1, fig. 3). Many cells
were extremely small (Pl. 1, fig. 4), whlile some curved (Pl. 1, fig. 5) and
spiral (Pl. 1, fig. 6) cells were found.

Specialized attachment appendages (pili, holdiasts) were not found on
mcst bacteria sorbing in periods of up to 24 hrs. Some bacteria produced
extracellular polymeric strands that might bhe of significance in the irrever-
sible sorption of the cells to surfaces (Pl. 2, figs, 7 and 8). After 24
hrs. immersion, a few stalked bacteria, mostly hyphomicrobia, were found
(Pl. 2, fig. 9). 1Individual pear-shrped cells resembling "swarmer" cells
of the hyphomicrobia sometimes were observed (Pl. 2, fig. 10). This suggests
that such swarmer cells may sorb rapidly, but that growth of stalks and

buds is not obvious until much later.

Sequence of sorptfion on glass surfaces

Preliminary examination of slides immersed in seawater indicated that

some rod-shaped bacteria were sorbed within one hr. Coccoidal and spiral
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fo.ws generally che obgserved after 6 to 8 hrs. Some stalked bacteria were
found after 24 hrs. and constituted a significant fraction of the population
after several days.

A more detailed estimate of the numbers of different groups of bacteria
sorbed to glass curfaces up to 24 hrs. 15 presented in Fig. 1. Stalked
bacteria were not observed during the period of the test, The total numbers
of the other catcpories gencrally increased with increasing time, the small
rods being predominanct at all sampling times, Howcver, the proportion of
small rods in the total sorbed population decreased at 24 hrs., while the
proportions of the large and curved rods increased (Fig. 2). This result
suggests that small rods are rapidly sorbed following immersion of slides
in the seawater. 7Ti.> rates of sorption of the other types are slower, and

may be favoured by prior sorption of the small rods.

Selectivity of bacterial sorption

The results presented above do not inlicate whether selection in the
sorption process is in the initial attraction of cells to a surface or in
the subsequent firm adhesion phase. In a comparison of bacterial types
reversibly and frreversibly sorbed from a range of different seawater samples,
some consistent trends in the selective colonization of surfaces were observed
(Fig. 3). 7The rcsulgs show the percentage of cells in each category irrever-
sibly sorbed plotted against the percentage reversibly sorbed. Selectivity
in the firm adhesion of bacteria to the glass surface is shown by any point
above the diagonal line in Fig. 3. It is obvious that rod-shaped bacteria
predominate in these different seawater samples, and that there is a selective

irreversible sorption of the short rods. A more random spread of points is

indicated for the curved rods and cocco-bacilli, suggesting that any selective



crptien ol dh tvpes (o iahle v e o iele £ acieal species present and
i prevailic conditic. in the boroicelar 4 cater sapple,
Stalked tacteria to:e rarel: o -:rvaed. )t is nossible, of course,

tiar any swarrer cells (see Fl. 2, L. 10) f sizlked bactevria may have

el

teen {ncluded in other categories because of the absence of any stalks.

The results prescnted sugpest that the merc attractfon of marine bacteria
to a glass surface does not guarantee that all of the hacteria will firmly
adhaere to the surtace. It appears that the group designated as small rods
possesses some selective advautape over other Lacterial groups in the
" {rreversible sorptica to surfaces. This advantane wight result from a
superior ability to metabolize and multiply in the low nutrient environment
of natural seawater, or it might be related to extracellular polymeric fibril
production (Friedman, Dugan, Pfister and Remsen, 1969). The significance
of pgrowth and polywer production in the sorption process is ccnsidered in
detail elsewhere (Marshall, Stout and Mitchell, 1970). Although pili have
been observed on maripe bacteria (Hodpgkiss and Shewan, 1968), it is unlikely
that such appendages arc of significance in those bacteria responcible for

the primary colonization of surfaces.

The apparent succession of bacterial types colonizing a surface may
sug,gest an alteration of the test surface by those bacteria i{nitially sorbed.
This could result from the release of nutrients, surface active agents or
extracellular polvieric materiala (Corpe, 1970b). Under éuch conditions,
those microorganisms sorbing to a surface after the initial colonization by

other bacteria muy be adhering to a very different surface to that encountered



by thie fanftial group of hacteria.

Stalked bacteria have been reported on surfaces in freshwater environ-
rents (Henrici and Johnson, 1935; Tylc. and larshall, 1967). Corpe (1970a)
hes woted lavge numbers of stalked bacteria on slides immersed fn seawater.
The results reported here confirm Corpe's observations that such bacteria
are a rogular component of microbial surface films foiwed in marine environ-
ments. However, stalked bacteria may not be responsible for the initial
coionization of surfaces,

This work was supported by grant N0001.-67-A-0298-0026 from the U.S.
Office of Naval Research. Ve would like to thank Mr. G. Pearce for assis-

tance with the eler tron microscopy and photography.
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Explanation of Plates

Plate |

Rough surface features of bacterium on grid immersed in sea
at Winthrop for 6 hrs. Negatively stained.

As for Figure 1, but grid immersed for 2 hrs.

Long rod with prominent electron-dense polar bodies.
Grid immersed for 3 hrs, in Woods Hole seawater in the
laboratory. Unshadowed.

Very small coccoidal cell on grid immersed in ea at Wintarop
for 1 hr, Negatively stained,

Group of curved rods with prominent surface features., Grid
immersed for 24 hrs. in Nahant seawater in the laboratory.
Negatively stained.

Spiral bacterium on grid immersed in sea at Winthrop for ] hr.
Shadowed.
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Plate 2 3
Figure 7. Rods with extracellular polymeric fibrils and distinct polar ’
bodies. Grid immersed in Woods Hole seawater in the 3
laboratory for 1 hr. Shadowed.
Figure 8. Group of cells showing polymeric fibrils binding cells to ;
surface and to each other. Grid immersed in Nahant seawater
in the laboratory for 24 hrs, Shadowed. i
Figure 9. Pear-shaped, stalked hyphomicrobium and rod-shaped 7.
bacterium. Grid immersed in Nahant seawater in the laboratory :
for 24 hrs., Shadowed. I

Figure 10. Pear-shaped cell resemblire awarmer of hyphomicrobium.
Grid immersed in sea at Winthrop for 1 hr.
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PlLETRM OY 0D RITIAL LoeiTS IN Tl SORPTION

OF 1'7i%i BACTERIA TC SiRFACES
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K. €. Marchall,* Ruby Stcut and R. liitchell
lL.aboratory of Applixd Microbiologp
Division ol Laslreering and Applied Pnysics

iarvard Unjvercity
Cacbridgge, Muvs., U.S.A.

Summary

Two phases in the process of sorption of marine bacteria to surfaces
have been defined as (a) an instantaneous revercible phase, and (b) a time-
dependent irreversible phase.

Revarsible sorption of the non-motile /ichrcmobacter sp. strain K3

Cecrecs2s to zero as the electrolyte concentration decreases, or as the
tnickness of the electrical doutle-layer increases. The electrolyte con-
centracion at which all btacteria are repelled from the glass surface depends
on the valency of the electrolyte. The reversible phase of sorption is
interpreted in terms of the balance betwcen the electrical double-layer
reéulsion energies at‘different electrolyte concentrations and the van der
Waals attractive cnergies. Even at the alectrolyte concentration of cea-
water, the bacteria probably are held at a small but finite distance from
the glass surface by a repulsion barrier. The rotational motion of the
motile Pseudomonas sp. strain R3 at a liquid-glass interface in considered

in terms of the concept of reversible sorption.

* Permanent address: Departeeut of Apricultural Science, University of
‘a, Hobar., Tasmania, Australia
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lt i+ proposerd thiat frreversible sorption results from the repulsion
barrier heing overcere by polymeric bridging between the bacterial and
£ luds surtaerce. Evidence {8 prescuted for the production of polymeric
fibrils by [~cudomoirns RI in an artificial scawater. Sorption and polymer
producticon are sttmulated by very low levels of glucose (7 mg/l), but higher
levels of glucose {nhibiced {rreversible sorption, Daletion of both Caz+
and Mgz+ trom the artificfal scavater prevented growth, polymer production,

“and sorption to surface:s by Pseudowmcnas R3, 8

Introduction

The sorption of bacteria to gurfaces {8 a general phenomenon encountered

Sty

in natyral environments with importaunt ecological implications (Wood, 1967;
Marshall, 1970). Primary wmicrobial film formation on surfaces immersed in
seavater is considered by some investigators to be a prerequisite to fouling §
by larger organisms such as barnacles (Wood, 1967). The mechanism whereby

marine bactaeria sorb to surfaces has received scant attention. 2ZoBell (1943) %
suggested that once bacteria are attracted to a surface firm attachment

vequires an incubation period of several houre. He attributed this delay

to the need for the synthesis of extracellular adhesive materials. Recently,
Corpe (1970a) has reported the production of an extracellular acid polvsaccharide

vy a primary film-forming bacterium, Pseudomonas atlantica. Glass slides

coated with this polymer became fouled with microorganisms more rapidly
than uncoated slidea. Corpe (1970b) has reviewed the current literature on
the attachment of bacteria te surfaces immersed in marine environments.
Since the average marine bacteric are alwost of colloidal size, the aim
of the preseat investigation was to combine 8 study of some of the colloidal

and blological properties of pure cultures of marine bacteria to obtain

-
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information on processes Luvolved in the gorption ol euch bacteria to

surfaces,

e g TR Il

e st bkl Lol il

Definition of Phasis of Sorption

e

Our studies have confirmed ZoBell's (1943) sugpestion that sorption

e

consists of two phases. Thc bacteria first were attracted to a surface,

aondis Colialtbnc o

and, after a perfod of several hours, some bacteris hecome firmlv attached

B * to tha surface. For convenience these phases are defined as follows:

|

1. Reversible sorption is an esscntially inatantaneous attraction of

bacterja to & surface. Such bacteria are held weakly near the surface,

i Lowtbhods

they still exhibit Brownian motion, and they are readily removed by washing

the surface with 2,5°/o0 NaCl.

|

mulmﬂm il

2. Irreversible sorption involves the firm adhesion of bacteria to

the surface, they no longer exhibit Brownian motion, and they are not removed

i' : from the surface by washing with 2.5°/o NaCl. lrreversible sorption of

bacteria from natural seawaters appears to be a selcctive process (Marshall,

Stout and Mitchell, 1970).

Organisms. The bacteria used in this investigation were a.motile
Pscudomonaa sp. strain R3 and a non-motile Achromobacter sp. strain RS,
Both organisms were isolated trom & glass surface that wag immersed in

natural seawater for one hr., rinsed several times in sterile 2.5%/0 NaCl,

SJRCTR IO R

plated on an artificial seawater agar, and incubated for 24 hr. at 25%.
3 : Pseudomonas R3 requires a high salt (2.5°/o NaCl) medium, while Achromobacter

R8 grown equally well in both high and low salt wmedia.,

1

il

mwnn m




o eresdnt s Lorntion.  The behaviour of the motile Pseudomonns
R ot dtquic-;r .o intertaces was exenined’ by preparing movie films (Kodak
4-% cowersel tibe type 727/ of the bacteria viewed at the plane of a cover-
slip by phase cortrast microscepy. Detailed examination of the movie films

made possible a-rcasonable interpretation of the curious gyratory motions
ebrecved with motile bacteria at such interfaces. The maximum velocity
of rotile cells of Pseudcmouas R3 was determined by the motility tracking
mnthod of Vaituzis and Doetsch (1969).

The effect of clectrolyte concentration on reversible sorption was
{nvestirated using Achromobacter R8. As w2ll as being non-motile, this
organism grew in low salt media and could be used at very low electrolyte
concentrations without causing cell lysjis, RS was gprown on nutrient agar
(Difco) at 25° for 24 hrs. After washing the cells twice in distilled water,
aliguots of the cell suspcnsion were mixed with equal volumes of a range of
concentrationg of NaCl or bgsoa. Drops of the resulting suspensions were
run under coverslips supported above slides by broken coverslip pieces.

The preparations were all.red to stand for 30 mins. to allow those cells
not sorbed at the liquid-glass interface to fall from view by gravitational
force. This procedure simplified the en'meration of those cells attracted
to the coverslip surface. The seme technique wos employed to investigate
the effect of divalent cations on the re.ersible sorption of Pszudomonas R3.

Studies of irreversible sorpcion. All tests of irreversible sorption

were made by immersing glass slides in an appropriate mediun inoculated with
Pseudomonas R3., Duplicate slides were removed at regular intervals, rinsed
thorougﬁly wich‘2.5°!o laCl, and the previously immcrsed area of the slide
covered with a coverslip. Counts were made of cells firmly sorbed (not

exhibiting Brownian motion) of at least 10 fields on both slides. All
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. 2
connts are expressead an che aumber of cells corbod por co of zlass surface,

The media ugced were either 2.50/0 NaCl or an artificlal scawater (ASW)

as cupgested by T. Walte of the followin; composition (g/l): NH,Cl, 0.0007;

A
NaCl, 24; KCl, 0.6; MgsQ, -7H,0, 5; :5Cl,+6H,0, 3.6; CaClZ, 0.3; UaNO,,
0.1; KHZPOA‘ 0.01; FeClz, 0.001; Tris HCl, 5.32; Tris Lase, 1.97; Pll

trace mctals, 10 mla, The P11 trace imetals was prepared as follows (g/l):
dinodium ethylenc-diaminotetracetic acia (EDTA), ), FeClz, 0.01; H3BOB, 0.2;
MnClz, 0.04; ZnClZ, 0.005; Coclz, 0.001., Modifications of these media are

detailed in the Results section

Pscudomonas R3 was inoculated on large slopes oy nutrient agar (Difco)
containing 2.5°/o NaCl, and normally incubated for 24 hrs, at 250. The bacteria
were washed once in 2.5°/o aCl before being inoculated into the test medium
to give a final concentration of between 1 and 10 x 107 bacteria/ml.

For electron microscope studies of irreversibly sorbed bactcria, nickel
grids (collodion-carbon films) were immersed directly in the medium containing
Pseudomonas R3. The grids were removed after one hLcour, fixed in 2.5%/0
formaldchyde in 2.5%/0 NaCl (Hodgkiss and Shewan, 1968) fer 30 mins., dried,

rinsed in distilled water, and dried prior to shadowing with gold-palladium

alloy (60%/0 gold - 40%/o palladium).

Results

Motility and reversibile sorpticn of Pscudomonas R3

Pseudomonags R3 i8 a motile rod possessing a single polar flagellum
(Plate 1, Fig. 1). In common with most motile bacteria, this crganism ex-
hibited a peculiar rotatfonal behaviour at a liquid-glass interface, From
a2 careful study of movie films of this phenomenon, these observations were

made. Motile bacteria may be sorbed at the pole of the cells (an edpe~to-face

iyl e
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AL rLon) acd, Ly virtue of the motive force of the flagella, the cells
rotate violently around the fixed pole (Fig. la), If sorbed in a face-to-
face prrition (P'ir. 1b), mwotile bacteria rotate in efther direction in a
propeller-1ike fashion. Motlle bacteria occasionally bLreak away from the
surfuice, and often were found to sorb at another point on the surface. Any
non-uitile cells are surbed in a face-to-face position (Fig. lc) and show
‘only Nrownian motion. Both motile and non-motile cells were readily desorbed

Ly washing the gloss surfaces in 2.5%/¢ wacl,

In view of the importance of physical forces operative between the
bacterial and glags surfaces (sec Discussion), an estimate of the kinetic
encrgy of motile R3 cells was made., The maximum velocity of R3 cells was

made. The maximum velocity of R3 cells was found to be 33u/sec. Assuming
2

__an average cell mass of 1().1 g, then the kinetic enevgy of a motile cell

is 16.5 x 10-18 ergs.

"Effect of medium composition on irreversible sorption of Pseudomonas R3

As reported below, the irreversible sorption of R3 is affected by the
‘presence or absence of divalent cations in artificial seawater (ASW). However,
thz resulte in Table 1 show that the deletion of divalent cations from ASW +
glucose at 7 mg,/l (ASWG) does not influence the numbers of bacteria initially

attracted to the glagss surface.

Effect of electrolyte concentration on reversible sorption of Achromobacter R3

A comparison was made of the initial attraction of cells of Achromobacter
R8 in different concentrations of both wonovalent aud divalent electrolytes
(Fig. 2). The number of cells reversibly sorbed increases as the clectrolyte
concentration increases or as the thickncas of the electrical double layer

decrcases. The theoretical thickness of the dif“use double-layer (1/K) was

calculated from the ecxpression:
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Kk = 0.327 x 10% z2¢/c

where Z = valency and ¢ = molar concentratica of electrolyte. Thie expression

holds for aqueous solutions of symmerrical electrolytes at 25° (Shaw, 1966).
Cells are reversibly sorbed at lower concentrationa of a divalent
electrolyte (MgSOQ) than of a monovalent one {NaCl), an effect c¢learly related

to the greater compression of the double-layer in the divalent system at

comparable concentrations. In both electrolyte systems, all the bacteria are

repelled from the surface when the value of 1/K exceeds about 200 R. This
result suggests that the inicial, reversible attraction of bacteria to a
surface depends on the relative magnitude of the double-layer repulsion

energy at different electrolyte concentrations in comparison with the van der

Waals attraction energy.

Effcct of glucose on the irreversible sorption of Pseudomonas RJ

Irreversible sorption of R3 from 2.50/0 NaCl or ASW media was compared
/Vith gsorption from these media enriched with 7 mg. of glucose/l. Thia glucose
level is the equivalent of the average carbon level found in natural scawaters.
Sorption was negligible from NaCl, but appreciable from ASW (Fig. 3). The
addicion of glucuse stimulated sorption from both media. Electron micro-
scope grids suspended in the ASW and ASWG treatments revealed the presence
of very fine extracellular polymeric fibrils on bacteria sorbed from ASW
(Plate 1, Fig. 2), while bacteria sorbed from ASWG showed much greater pro-

duction of such fibrils (Plate 1, Fig. 3).
Since low lcvels of glucose stimulate gorption and polymer production
by Pseudomonas R3 , the effects of higher levels of glucose were investigated.

Although the growth of R3 was stimulated by higher levels of glucuse (Fig. 4),
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fviciersible soiption of the bactaria from ASWG (30 mg/l) and ASWG (70 n;/1)
was Inhibited completely (Figz. 5). Sorption was rapid from ASNG (7 mp/l)

and moderate from ASW, LPurther {ovestipations revealed that the irreversible
sarption of B3 was lowered dramatically even at glucose levels of 14 aﬁd 21
v/l (Table 2). Flocculativn of bacteria in the bulk guspension was ohsorved
in thore treatvents where sorption was greatest,

An examination of electron microuscope grids imnersed in rhe above treat-
ments rcvealed large numbers of bacteria on those from ASWG (7 mg). All
thege biacteria produced extracellular polymeric fibrile. 1In some instances,
it eppeared that some sorbed bacteria had been sheared from the grid surface
by washing, leaving polymer '"footpriunts'" of the bacteria on the grid surface
(Plate 1, Flg, 4). Very few cells were found on grids from the ASWG (14 mg)
and ~6WG (21 mg) trcatments. Some cells showed litule evidence for polymer
production (Plate 2, Fig. 5), while others appeared to produce abundant palvmer
(Plate 2, Fig. 6).

Although the ASW wedium contains both NHACI and NaNO3 as nitrogen sources,
investigations with the individual ealtes at equivalent nitrogen levels re-
vealed that the form of nitrogen did not influence gre¢vth and the {rreversible
sorption of R3 to glass surfaces. Since all the nitrogen in the basic ASW
mediun was available to K3, then the C/N ratios ranged from 0.17 in ASWG
(7 »g/1) to 1.70 4n ASWG (70 mg/l). Ccnsequently all of these media are
carbon deficient, a fact that raises some questions as to the mechanism of

production of extracellular polymeric materials under such conditions.

Effect of divalenr cations on jrreversible sorption of Pseudomonas R3

The deletion of Ca2+ and Mg2+ (with Na_SO, added to provide SO 2") from

2774 4
ASWG prevented the irreversible sorption of Pseudononag R3 (Fig. 6). The

3
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é results show that the mere addition of C52+ and Mgz+ to 2.5°/o NaCl + glucose
docs net ctimulate the sorption of R3 from such a medium, Total numbers of

= L3 in the bulk suspension remained constant in all but the ASWG (7 mg)

treatment, where rvapid sorption appeared to be related to the limited growth

of the bacteria. Few bacteria adhered to electron microscope grids immersed

in the ASWG (-Ca2+, -N32+) treatments. Those that Wwere observed showed ne

evidence of polymer production (Plate 2, Figs. 7 and 8).

Although irreversible sorption 15 inhibited when both Caz+ and Hg2+ are

deleted from ASWG, sorption does occur when either one of the divalent cations

is deleted from the medium (Table 3). The degree of sorption from the variocus
] media (Table 3) appears to be related to the growth of Pseudomonas R3 in the

media (Fig. 7). Flocculation was observed consistently in the ASWG and

.

ASWG (-4g>*) treatments, but not in the ASWG (-Ca’’) and ASWG (-Ca’', - mg?")
F : ‘trcatmenta. Thus, flocculatjion (bacterium-bacterium interaction) in the bulk
suspension does not necessarily involve the same mechanisme as sorpticn

(bacterium=-glass interaction) to a different surface.

E : Effecct of age of inoculum on irrcvergible sorption of Pseudomonas R3

An attempt was made to demonstrate the requirement for active growth in
bacteria for sorption by the addition of both log phase and stationatry phase
cells of R3 to the test media. Sorption of young (log phase) bacteria from
ASWG was much faster than that of older bacteria (Fig. £), but all the young
cells were lysed., Within 24 hre, the originally turbid bacterial suspension
ir ASWG had completely lysed, Neither growth, lysis, nor sorption were

observed with young cells in ASWG (-Caz+, -Hg2+). It is possible that lysis

m—

of young cells in ASWG may have resulted from a weakening of the cell wall

during further growth of these actively metabolizing cells.

a— s s
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In the sorption ot 1wiine bacteria to suriaces, different mechanisms

muist be favolved in the egs2ntially i .tantarccus reversible phase and 1in

i g

the tine-(and probably - :¢-th) depenasat Lirrevergible phase of sorption.

Reveraible gorptien E

The results obtained fer the effccts of drfferunt concentrations of mono-

valent and divalent electiolytes on tne reversible sorption of fchroumobacter R8

Buggest that this phenomenon may be explained in texms of the Derjaguin-landau
and Verwey-Overbeck theory {Shaw, 1966; Weiss, 1968). This theory involves
an estimation of the magnitude, and varfatjon with interparticle distance,
of the London-van der Waals attractive enezrgies between two surfzces and the
electrical repulsive energies regulting from the overlapping ionic atmosphcres
(diffuse double-layers) around the surfacecs,

The energics of interaction between celle of Pscudemonas R3 and a glace

surface at differcnt values for the double-layer thickness have been computed

by Dr, James Harlos and Dr, Leonard Weisa, Dept. of Experimentel Pathology,
Roswell Park Memorial Institute, Buffalo, N.Y. Thiy was done with a programme

based on a rearranged version of the formula derived by Hogg, Healy and

s Snnllptis, LIl ) I

Fuerstenan (1966):

where VR repulsion energy

a.a
J . 2 .
- f(ZlTi‘) wytvp i aee ™y -v? e N

vV, = attraction energy
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+| »
[N [N
‘-/
-4
Sl L O A1




e

g

NI

-1t

whare a 18 the radius of curvature of the particle, 8 = 105 )¢ (glass) and
a, = 0.4p (bacterium); v is the surface potential of a particle, wl & -15mV

(glass), y, = -25aV (bacterium); K ié the inverse Debye-Huckel lergth, 1/K

varies from 6.85 £ at 2 x 10°> M NaCl and 200 £ at 2 x 10°* NaCl; H is

the distance of closest approach of the 2 particles; . is the dielectric

constant (of water); A is Hamaker's constant (using values of 5 x 10'16 and
5 x 10“15 ergs).

The serics of curves in Fig. 9 demonatrate® the increase in magnitude
of the resultan® repulsion curves and the increase in particle separation
with decreasing electrolyte concentration (increasing values of 1/K). At
high electrolyte concentrations, a secondary minimum ("attractive trough'')

is apparent. T1he progressive increase in repulsion energy with decreasing

electrolyte concentration closely parallels the observed decrease in reversible

sorption of Achromobacter R8 (Fig. 2). The extent of the repulsion barriec

at a value of 1/K of 200 X is shown in Fig. 10 for two different values of A.
In the reversible phase of sorpticn in seawater or 2.5%°/0 NaCl 1t is
likely that cells of R3 arc attracted to the point of the secondary winimum,
& swall but finite distance from the glass surface., It is unlikely chat
thermil motion would provide sufficient energy for the bacteria to overcome

the repulsion barrier. In fact, the kinetic encrgy of motile cells of

Pscudomonas R3 (16.5 x 10-18 ergs) is not sufficient to overcome the

repulaion barrier at any value for 1/K shown in Fig. 9. The magaitude of

the attractive energy at the secondary winimum may not be sufficient to
hold the bacteria against the shearing effect of the rinsing procegs. The
movie films clear1§ showed that motile cells of Preudomonas RJI can break

away from the surface, although the attractive encrgy does hold such cells

against violent rotational movements resulting frow flagellar activity,
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Irreversible sorption

The frreversible phasce of sorption implies a firmer adhes{on of bucteria
to a surface., Ulolymeric bridering between the bacterial surface and that of
the test surtace might provide a mechanism tor overcoming the repulsion
barrier between such surfaces. Such a mechanism has teen proposed for the
adhesion of tissue cells (hioscona, 1902) and eponye cells (Humphreys, 1965),
and for the flocculation or microbial cells (Tenney and Stumm, 1965; Busch
“and Stunm, 1968). The electron micrographs presented provide evidence for
the production of polymeric fibrils by Pgeudomonas R3, The nature of the
polymeric material has not buen investigated. Where the bacteria are unable

2
to grow, a8 in the ASWG (-Ca +, - ng+) medium, polyrer was not detected and

irreveraible sorption did not occur, The ohservation that polymer '‘footpriuts"
are left behind when cells are sheared from the suxface suggests that this
polymer ia more tightly bound to the glass surface than to the bacterial
cell. Tuis way result from the polymer bridging the repulsion barrier and
becoming firmly chemisorbed to the glass surface.

The fact that extremely low levels of available carbon stimulated
irveversible sorption while higher levels inhibited this process may be
very important in terms of microbial ecology. In natural seawaters the
available carbon levels are usually very low, and such conditfon: _ .obably
favour the firm adhe;ion of microorganisws to surfaccs immersed in such
environments. The reason for these effects of different glucose levels is
not clear. During the limited growth of Pscudnmonas R3 at low carbon levels
the cells may become "lealy" and may extrude internal macromolecular material,
The lack of sorption of bacteria at higher glucose levels might indicate that

the cells are more normal (less leaky). When the bacteria cannot grow, as

WL 0,2l A A R LWL 11 s v et 14
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Ln S SAG (-Caz*, - Ng2+) medium, they may not develop leakiness and polymer
tiv not be produced, Yhis possilility is supported by the observatiou that
voung (lon phase) cells in such do aot lyse, while similar bacteria in complaote
£806 medium rapidly lyee.,

The Jbhrerved effects of deletion of divalent cations from the complate

ASJC mediwn supgest that the lack of soxption when both C¢‘+ and Mgz+ are

lacking iR related to & lack of growth of Pseudomonas R3, When only one of

the divalent cations wag deleted, growth occurred and was related tc the degree

of irreversible sorption.

Other factors are probably involved in both phases of sorption of bacteria
to surfaces. The sorption to a surface of monolayers of various macro-
wolecules present in seawater or even in bacterial cultures might drastically
alter such nhysical characteristics of the surface #s wettability and surface
charge properties (Baier, Shafrin and Zicman, 1908).

This project was supported by a grant (NOQOl4-67-A-029B8-0026) from the
Office of Naval Rogearch, The authors gratefully acknowledge the help of

Dr. J. Harlos and Dr. L. Weiss for the computations, Dr. L, Spilelman for

helpful suggestions, and Mr. G. Pearce for assistance with the electron

microgcopy.
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Iixplanation of Plates

All figures are electron micrographs of Pseudomonas sp. strain R3,

Figure {,

Figure 2.

Figure 3.

Figure 4.

Plate 1

Single polar flagellum of R3.

Extracellular polymeric fibrils on bacteria sorbed on grid
immersed in artificial seawater,

As in Figure 2, but grid im nersed in artificial seawater +
glucose {7 mg/l).

Polymer "footprints' remaining after bacteria were sheared

from the grid surface.
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Plate 2
Grid immersed in artificial seawater + glucose (14 mg/1).
Bacterium showing no extracellular polymer production.

As in Figure 5, but bacteria showing abundant polymer
production.

Bacterium lacking extracellular polymeric fibrils. From
ASWG without Ca%+ and Mg+,

As in Figure 7,
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Tatle 1. Effect of divalent cations in artificial seawater
" “on the reversible sorption of Pseudomonas R3J

Mardium No. bacteria aorbed/cm2
_ __ ASMG .53y 10° _ B
ASHG (-ca’™y . 5.27 x 10°
AsHG (-Mg2h) . s.8x10°
ASWG (-ca”t, - wg?h 5.42 x 10°
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: j Table 2. Efrect of gluccse levels in artificjal seawater on
3 = growth 2nd irreversivle sorption of Pseudomonags R3 =
- 2 3 B
: No. bacteria/ml. No. bacteria sorbed/cm (x 107) 3
Glucose (mg/l) after 24 hrs.* 20 hr 4 days E
. 1 R
L 0 14.8 x 10’ 46.6 488 e e
: 1
7 26.1 x 1()7 65.8 514
S 1 33.2 x 107 2.3 78 e
i 21 44.1 % 107 2.1 31
* Initial inoculum = 10,0 x 107 bacteria/ml E
T Flocculation evident in the bulk suspension
; e
E\
i
;:
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Table 3. Effect of divalent cations in artificial seawater :
on the irreversible sorption of Pseudomonas R3 : 4

no. bacteria sorbed / cmz

Med fum 24-hour - -48-hour SO S
* : N -
ASWG 262 x 10°° 464 x 10° : .

2+

* : -8
ASWG (-Ce ™) 3 : i

155 x 10°° 400 x 10

AsHG (-1g2ty 126 x 1057 280 x 10°* A

asviG (-catt, -mg?h 0 0

|
it eni ittty

Flocculation evident in the bulk suspension.

o

TRIAES AT o ———; |~

L A e e
Eitnin

r

| T e et g o o e, oo+

if
!
I
|
|
|
|
f
|
[
[
|
|
|
{
f
:
|




el g e

Figure 1.

11-21

A diagrammatic iniergpretation of the reversible sorption of

Pseudomonas R3 to a glass surface: (a) and (b) illustrate the

rotational movements of motile bacteria in an edge-to-face

and a face-to-face marner, respectively; (c¢) face-to-face
sorption of non-motile bacteria,
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Figure 2. Reversible sorption of Achromobacter R8 and the theoretical

double-layer thickness (-.}(—) in relation to electrolyte concen-
tration and valency.O—0, I—i— for NaCl; O—O. % for
MgsO,; #@—~8 , sorption of R8 from NaCl; @—€) . sorption

of R8 from MgSQQ,'
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Figure 3. Irreversible sorption of Pseudomonas R3 from NaCl and
artificial seawater (ASW). W—l, 2.5%NaCl; O—0
2.5% NaCl + glucose (7 mg/ 1); O~ » ASW + glucose
(7mg/ ). @@, AsSw.
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Figure 4. Effect of glucose concentration on the multiplication of
Pseudomonas R3 in ASW. @—@ , ASW; O—O ., asw +
glucose (7 mg/l); A\ ., ASW + glucose (30 mg/1);

A—4A + ASW + glucose ( 70 mg/l).

. ﬂJ:I"IH‘nHiHﬂWW L i MBI oA e A G b ol




1-25
T =T T
) o]
140 - - -
N
o
5 - b
E
S 100 .
o
L
a E
104
Q
w
< 60 -
o
ul
o
@
. 20 o -
(@]
P4
*‘ //’, A 3
7~
oL o
8 16 24 32 ]
TIME (hrs.) E
Figure 5. Effect of glucose concentration on the irreversible sorption of
Psecudomonas R3 from ASW. Symbols as in Figure 4,
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Figure 6. Effect of divalent cations on the irreversible sorption of
Pseudomonas R3 from NaCl and ASW. &——A , 2.5%

NaCl + glucoqe 2.5%NaCl + glucose _ .
(+ Cal¥, + Mgt); O-—-O ASW + glucose; @@, AsW P
+ glucose ( C +, -Mg ). :
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Figure 7. Effect of divalent cations on growth of Pseudomonas R3 in

ASWG (gluc?se at 7 mg/ 1). @—@. ASWG; O—0O ,
ASWG (-Ca *Z); O, ASWG (-Mg’t); &—A . ASWG
(-ca®t, -mg?t).




I1-28

200 T T 1 1 H

:

3
8

NO. BACTERIA SORBED/m?(x103)
n
3
!
|
1

100+ -
/
L-¢ (o] -
JI' /// N
L’. NN A L | | i 2
4 8 12 io 20 249
TIME (hrs)

Figure 8. Effect of age of inoculuin on reversible sorption of

Pscudomonas R3 from ASWG. @—4 , log. phase
bacteria in ASWG, all bacteria lysed; ‘——x , log. phase

bacteria in ASWG ( -Ca®*, Mg“) no lysis, 2:-%,

stationary punasc bacteria in ASWG. no lysis;
stationary phase bacteria in ASWG ( -Ca**, Mg2+) no lysis.
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Figure 9. Computed curves of the energy of interaction between glass

and bacterial ( Achromobacgter R8) surfaces at varying
electrolyte concentrations (varying double-layer repulsion)
using a value for A of 5 x 10-15 ergs.
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400 800 120U R
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Figure 10. Fnergy of interaction betwcen glass and bacterial
{ Achromobacter R8) surfaces for different values of the

rv

~maker constant (A) whenl = 200 &, Top curve, A 4
K

15 ergs; hottom curve, A = 5 x 10714 ergs.
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In Part I a distinct sequence of sorption of different bacterial types has been ob-1
served both on glass slides and electron microscope grids immersed in seawater for |
periods of up to 24 hours. A comparison of the bacterial groups initially attracted to !
a suriace with thosz subsequently adhering firmly to the surface suggests a selective f
irreversible sorption of certain groups of marine bacteria. Firm adhesion of bacterid
in the short time periods considered does not involve pili or holdfast structures. The
ability to preduce extracellular polymeric fibrils may be important in such seclective
sorption.

~In Part 1I two phases in the process of sorption of marine bacteria to surfaces
have been defined as (a) an instantaneous reversibie phase, and (b) a time-dependent
irreversible phase.

Reversible sorption of the non-motile Achromobacter sp. strain R8 decreases i9
zero as the electrolyte concentration decreases, or as the thickness of the electrical
double-layer increases. The electrolyte concentration at which all bacteria are re-
pelled frow the glass surface depends on the valency of the electrolyte. The reversi-
ble phasc of sorption is interpreted in terms of the balance between the electrical
double-layer repulsion energies at different elecirolyte concentrations and the van den
Waals atcractive energies. Even at the electrolyte concentration of seawater, the
bacteria probably are held at a small but finite distance from the glass surface by a
repulsion barrier. The rotational motion of the motile Pseudomonas sp. strain R3 at
a liquid-glass interface is considered in terms of the concept of reversible sorption.

FORM (PALL 3!
DD Vo 61473 PALE Unclassified

5% Glotert oepat Seounty Classse on




Unclassified

Seeorety Clussitication

e hee woRLS LINK A LiNK B LINK €
ROLE w?Y ROLE wT HOL E wT
Selective Sorption
Initial Events in Bacterial Sorption
Mechanism of Bacterial Sorption ’
Sorption of Bacteria to Surfaces I
FORN et
D t NOV as‘ 473 (BACK) Unclassified

N L B B

Security Classification

e L Rt il

e b i e



